A novel bone-like biomaterial of hydroxyapatite (HAP) and silk fibroin (SF) composite was developed by biomimetic synthesis. The composite was precipitated from drops of Ca(OH) 2 suspension and H 3 PO 4 solution with SF. With this method, the HAP nanocrystals were obtained by self-assembling on a SF surface whose c-axis was aligned with the long-axis direction of SF in microstructures; this shares the same misconstrues of collagen and HAP with that in the natural bone. The HAP/SF composite then demonstrated that it could promote osteoblast proliferation in vitro and new bone formation in vivo. The novel biomaterial is a promising material for bone replacement and regeneration.
Introduction
The Silkworm protein, composed of mainly sericin and fibroin proteins, is made naturally by a silk moth, Bombyx mori. While the Sericin protein is immunological, purified silk fibroin (SF), a linear polypeptide with β-sheet structure, exhibits little or no immunological reactions and retains many of the desirable features of silk material [1] . Due to its excellent features of biological compatibility, mechanical strength, and biodegradation, SF can be useful as an engineering biomaterial in a number of biomedical and biotechnological applications [2] [3] [4] [5] .
Various types of template material for fabricating bonelike composite have been reported. Some organic templates could be collagen, SF, chitosan, or chondroitin sulfate [6] [7] [8] [9] [10] . However, SF has the unique feature of being a novel organic template due to its excellent biological compatibility and mechanical strength. According to the literature, the HAP/SF composite can be prepared using biomimetic mineralization [11] , mechanochemical route [12] , or coprecipitation methods [8, 13] . The composite obtained by these methods shares the similar features with natural bone in structure and composition; however, few reports can be found in the literature on these microstructure features of composite in the nanometer level.
In this study, SF was used as an organic template obtaining for the HAP/SF composite biomaterial, while biomimetic synthesis is for the bone-like feature in the HAP/SF composite. The nanostructure of HAP/SF composite is close to that in natural bone whose c-axis of HAP crystal is paralleled with the long axis of organic template. The biocompatibility of HAP/SF was then evaluated in vitro and in vivo. 
Experiment

Silk Fibroin Preparation.
SF was prepared as previously described by Santin et al. [3] and H.-J. Jin et al. [4] . In order to remove sericin, the domestic (Bombyx mori) silks were degummed twice by sequentially boiling them in 0.5 wt% Na 2 CO 3 solution for 30 minutes. Then, they were rinsed and air-dried. The pure SF were dissolved with a triad solution of calcium chloride, ethanol, and distilled water (1 : 2 : 8 mole ration) at 80
• C using a homeothermia swing bed. The prepared solution was purified by dialyzed against distilled water for 3 days. The solution was then concentrated and lyophilized, to yield purified SF. 2 suspensions at the speed of 60 drops/min and applied by a vigorous stirring simultaneously. The whole preparation was in a water bath with a temperature of 70
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• C, and the pH between 9 and 10 with 0.1 M NaOH. During the process, the precipitate was observed within the solution; the supernatant was then decanted, and the precipitate was rinsed with distilled water. Finally, the precipitate powder was collected by vacuum dehydration.
The precipitate powder was characterized using Xray diffractometry (XRD) (X'Pert Pro MPD, Philips, Holland), Fourier-transform infrared (FTIR) spectrophotometry (Nicolet 510P FTIR, USA), scanning electron microscopy (SEM) (S-2460N, Hitachi, Tokyo, Japan) and transmission electron microscopy (TEM) (JEM-100CXII, Japan).
Cytocompatibility of HAP/SF Composite In Vitro.
Human osteoblast-like cells (MG-63) were obtained from ATCC (Manassas, VA, USA). MG-63 cells were cultivated in Dulbecco's Modified Eagle's Medium supplemented with 10% fetal bovine serum at 37
• C in a humidified atmosphere of 5% CO 2 . The HAP/SF and HAP particle were fabricated into disc shapes (12 mm in diameter) by an FW3 compression machine (TianJin, China) and sterilized with epoxyethane. The cell suspension was seeded at a density of 1×10 4 cells/ml into 6-well plates containing HAP/SF and HAP discs and cultured at the conditions described above.
The cells on the discs were cultured for 6 hours, 1 day, or 5 days and fixed overnight with a 3% glutaraldehyde solution in PBS at room temperature. After dehydration with 50%, 60%, 75%, 85%, 95%, and 100% alcohols for 15 minutes, substitution with isoamylacetate solution for 15 minutes, and critical point dry for 30 minutes, the samples were observed under SEM. The viability of MG-63 cells was measured by MTT [3(4, 5-dimethylthiazol-2-yl)2,5-diphenyltetrazoliumbromide] assay on the 1st, 3rd, 5th, and 7th days of culture. Absorbance was read on an HTS 7000 plus BioAssay Reader (PERKIN ELMER Ltd., Buckinghamshire, U.K.) at 570 nm.
Tissue Response to HAP/SF Particle In Vivo.
Twelve white New Zealand adult rabbits (2.0-3.0 kg) were used. They were anaesthetized by an injection of sodium pentobarbital (24 mg/kg body weight) in the auricular vein. A hole of about 3-mm in diameter was drilled in the mid-diaphysis of the femur, and the HAP/SF and HAP particle sterilized with epoxyethane was inserted into the hole. HAP served as the control group. Six animals were killed at 4 and 8 weeks postoperation. The bone fragments concluding the implants were harvested and the samples were fixed in a 10% buffered formalin solution, decalcified by a 10% EDTA solution, dehydrated in a graded ethanol series, and embedded in paraffin. Tissue blocks were sectioned and stained by hematoxylin and eosin (H&E) for observation. Figure 1 shows the results of XRD measurement on the HAP/SF sample. There are three sharp peaks at 002, 211, and 300 characteristic of HAP around [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] • . The observed three peaks were broader than pure standard HAP due to its low crystallinity of HAP in the HAP/SF composite. The crystal size of HAP is about 22 nm according to the XRD line.
Results and Discussion
Characterization of HAP/SF Composite.
FTIR spectra of HAP/SF and SF is shown in distinguished chemical interaction between the HAP crystal and SF. The peak at 1419 cm −1 can be distinguished by CO 3 2− , suggesting that carbonate ion was incorporated into the HAP crystal [13, 14] . The characteristic coincides with that in natural bone.
The SF contains approximately 3% of acidic amino acids (Aspartate and Glutamate). Acidic amino acids containing many carboxyl (-COOH) groups provide the active surface structure, which could initiate the HAP deposition and growth. The carboxyl groups, as an active group, play an effective role in apatite deposition and nucleation within the body environment. For this reason, the silk fibroin may act as a template to induce the deposition of apatite crystals. During the deposition, the calcium ions bind to the active carboxyl group and form complexes of -COOCa + and (-COO) 2 Ca on the surface of SF. Alkalinity solution promotes this action and facilitates apatite deposition and growth [11, [15] [16] [17] .
As seen in Figure 3 , the needle-like HAP/SF particles are randomly deposited in three dimensions. Each particle is about 400 nm in length. During the formation of the HAP/SF composite, SF act as an organic matrix to provide active sites for the nucleation and growth of HAP crystals [11] . Wang et al. [8] concluded that the SF can provide enough active sites and promote the self-assembly of HAP crystal on SF when the mass percentage of SF in HAP/SF composite achieves about 30%. However, redundant quantities of SF may cause severe entanglement of the microstructure of HAP/SF. Therefore, the percentage of 30% of SF in HAP/SF is used in this paper.
TEM results showed that HAP nanocrystals were attached to the SF template ( Figure 4 ). The size of HAP/SF particle is approximately 400 × 60 nm and the shape of the particle is needle-like. Each particle consists of about 400 nm length SF attached with HAP nanocrystals about 25 nm in length. The diffraction pattern of the particle is seen in the left-top corner of Figure 4 ; the outer diffraction pattern forms a ring while the inner diffraction pattern divides into a pair of short arches. In Figure 4 , the pattern of short arch diffraction was ascribed to 002 of HAP and the c-axis of HAP nanocrystals was in the long axis direction of the SF template [7, 10, 18] .
Cytocompatibility of HAP/SF Composite In Vitro.
The cytocompatibility of HAP/SF was estimated by MG63 cell cultivation as is shown in Figure 5 . The MG63 cells adhered to the HAP/SF discs and spread by pseudopodia after 6 hours ( Figure 5(a) ). They began to spread with polygonal morphology and extended some pseudopods to contact each other after one day ( Figure 5(c) ). After 5 days, the cells rapidly proliferated and grew in an aggregated, multilayered form ( Figure 5(e) ). On the HAP discs, the cells only adhered with round morphology after 6 hours ( Figure 5(b) ). After 1 day, the cells began to spread with polygonal morphology and extended to contact each other, and cell morphology was irregular ( Figure 5(d) ). After 5 days, the cells grew in aggregates ( Figure 5(f) ).
The MG-63 cell viability on the HAP/SF and HAP discs were both assessed by the MTT assay. The results are presented in Figure 6 . The cells cultured on the HAP/SF discs showed higher viability compared with the HAP discs. Each group included six samples. The difference was statistically significant on days 1, 3, 5, and 7 (P < .05).
The novel composite of HAP/SF showed excellent biocompatibility in vitro. It suggested that the HAP/SF composite promotes osteoblast attachment and adhesion and enhances proliferation and differentiation. The cell attachment and adhesion at an early stage was probably a simple physicochemical process which can be determined by the roughness of the material surface. In subsequent cell migration, proliferation, and differentiation, extracellular matrix molecules (e.g., type I collagen) is required, for the cell function is adjusted by the molecules through the interaction with the cell-surface receptor of the integrin family [19] [20] [21] [22] [23] . Studies showed that SF can enhance the attachment, adhesion, and growth of cells and have the same efficiency with that of collagen [24, 25] . This agrees with the results of this study. Furthermore, we also found that HAP/SF composite also promotes proliferation and differentiation. In the experiments, we observed that the MG-63 cells adhered to HAP/SF and spread by pseudopodia at 6 hours. The shape of MG-63 cells on HAP/SF display multilayer forms (see Figure 5(a) ), while the round shape of MG-63 cells was found on HAP (see Figure 5(b) ). It shows that cells on HAP/SF composite present excellent proliferation and differentiation.
Biocompatibility of HAP/SF Composite in Marrow Cavity.
The biocompatibility of HAP/SF composite was conducted using the animal model of a rabbit. There are large numbers of HAP grains founded in marrow cavity of the rabbit at four weeks since operation, new bone tissue and marrow tissue were also found to grow into the interspaces of the grains in Journal of Nanomaterials the HAP group. In the HAP/SF group, it can be seen that HAP/SF composite particles were adsorbed, and new bones were filled into the cavity. By comparison, it was also found that the new bone grew in both HAP/SF and HAP groups was a typical woven bone, but the bone in the former grew faster (Figure 7 ). In the HAP group at 8 weeks, more HAP grains were adsorbed compared to that of 4 weeks, and more marrow tissue grew into the cavity. More new bone formed in the marrow tissue. In the HAP/SF group, the bone trabecula increased, became wider, and almost filled the cavity evenly (Figure 8) .
At the beginning of new bone formation, the bone matrix, an organized network of collagen fibers, was found adherent to the HAP surface [26] . With little dissolution of HAP grains at 4 weeks [27] , the new bone and collagen fibers enclosed the HAP grains. For the HAP/SF group, the new bone formed better at the beginning because of the good biocompatibility and bioactive of the composite [28] . The inflammatory responses to the composite initiated the degradation of the composite and the formation of new bone [29] . The degradation rate may be related to the weight of SF. Further study is needed to quantitatively evaluate the new bone formation and the rate of adsorption in vivo.
Conclusions
A novel HAP/SF bone-like composite biomaterial was developed by biomimetic synthesis. In composition and microstructure, the composite has the same characteristics like natural bone. The composite has excellent biocompatibility in vitro and in vivo, which suggests that the developed HAP/SF composite has a potential for the application in the repair of bone defects and bone regeneration.
